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MODULATED STRUCTURES OF 
THE BLUE BRONZES K0.3Mo03, 
The incommensurately modulated structures of the isostructural blue bronzes of 
K and Rb with modulation wave vector q = a* + 0.748(1)b* + ic* at lOOK have 
been determined by X-ray diffraction. The lattice parameters of the C-centered 
monoclinic cell for K0.3M003 are: a = 18.162(2),b = 7.554(1),c = 9.834(5)A, 
p = 117.393(6)O and for RboaMo03: a = 18.536(2),b = 7.555(1),c = 10.035(5)A, 
p = 118.52(1)O. The symmetry of the structure can be described as consisting of a 
one-dimensionally modulated system with 4-D superspace group cCy? ( o P ~ ) .  The 
final RF = 0.033 for 7985 reflections for the K bronze and 0.032 for 4458 reflections 
for the Rb bronze. In the modulated structure, valence calculations show that the 
phase transition to the semiconductor state is accompanied by ordering of Mo6+ 
along the infinite chain direction. The metallic conductivity, with delocalisation of 
4d-electrons between clusters by overlapping Mo-O-Mo orbitals along the infinite 
chain direction, turns into semiconductor properties by localisation of 4d-electrons 
on individual Mo(2) and Mo(3) octahedra (not on M o ~ ~ O ~ ~  dusters as a whole), 
modulated with wavevector q. Comparing the structures of the blue and red bronzes 
their physical properties can be interpreted. 
6.1 Introduction 
The blue bronzes belong to the series of compounds A,TO, in which A is an alkali 
metal and T a transition metal element. Most blue bronzes were synthesized for 
the first time about 25 years ago, but only in recent last years their low dimen- 
sional and associated charge density wave (CDW) properties have been recognized 
(reviewed in for example Schlenker & Dumas, 1986 and Schlenker, 1989). 
While the W-bronzes with delocalized 5d-electrons have a large conductiv- 
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Figure 6.1: Schematic diagrams of the basic structure of the blue bronze, described in the right 
handed Graham & Wadsley cell with doubled c-axis. a. M ~ ~ ~ O ~ ~ - c l u s t e r  b. Vi w along [OiO], 
showing the upper view of octahedral slabs. The oxygen octahedra are outlined. c. View along 
[lOi], four unit cells along b are drawn. d. Perspective view along [loll, four unit cells along b, 
infinite sheets of M 0 ~ ~ 0 ~ 0  clusters are seen. 
ity and the V-bronzes with localized 3d-electrons are non-metallic (Goodenough, 
1970), the Mo-bronzes with 4d-electrons are intermediate and often show a metal 
to semiconductor (or metal to metal) transition. Blue bronzes A0.30M003 are 
quasi l-D conductors and undergo a charge density wave (CDW) transition, pur- 
ple bronzes Ao.9M~6017 (A0.15M002.83) are quasi 2-D conductors also having a 
CDW transition and the red bronzes A0.33Mo03 are semiconductors. 
The existence of a metal to semiconductor transition in the blue bronzes at 
Tc z 180K has been studied extensively (reviewed in for example "Charge Density 
Waves in Solids" (1985) and Griiner (1988)). Electrical, magnetic and optical 
properties are strongly anisotropic and quasi one-dimensional. The temperature 
variation of the conductivity is also anisotropic and in the semiconducting state 
(T < 180K) it shows non-linear behaviour due to sliding of the CDW (Dumas et 
al., 1983). 
The average crystal structure of the K blue bronze as determined by Graham 
and Wadsley (1966) is monoclinic, space group C2/m,  with 20 formulae units in 
a unit cell. The structure contains rigid units composed of 10 distorted Moos- 
octahedra, sharing their edges or corners to form a cluster. These clusters are 
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Figure 6.2: Schematic diagrams of the structure of the red bronzes. Left part C2/m structure 
(for "Ko.zaMo03"and C S ~ . ~ ~ M O O ~ ) ,  right part P21/m structure (for Cso.25Mo03). a. Projection 
on (0101 showing the upper view of the octahedral slabs. b. Side views, two unit cells dong b 
are drawn, infinite sheets of Mo6Oz2 clusters are seen. The oxygen octahedra are outlined. 
linked together via corner sharing along and perpendicular to b and form slabs, 
held together by K atoms between them (see Fig. 6.1). The linking between 
cluster-units is made by Mo(2) and Mo(3) octahedra, while the Mo(1) octahedron 
shares its edges and corners only with the Mo(2) and Mo(3) octahedra of the 
same unit. With such an arrangement K0.3M003 has been considered to be a 2-D 
layered compound as far as the Moo3 sublattice is concerned. 
At room temperature Weissenberg photographs showed diffuse streaks incom- 
mensurate with the crystal lattice (Pouget et al., 1985). Below 180K these 
streaks condense into well-defined satellite reflections with modulation wave vec- 
tor q = q,b* + ic* and q, slightly greater than 0.25. Thus the transition at 180K is 
a Peierls transition leading to an incommensurate semiconducting charge density 
wave state. In the following we take the alternative choice for the modulation 
wave vector with q, slightly less than 0.75. 
Structural refinements of the average structure of the blue K and Rb bronzes 
at room temperature were carried out by Ghedira et al. (1985) (in I-centered unit 
cell). According to Ghedira et al., the data show that more than 80% of the 4d 
electrons are on Mo-sites involved in the infinite chains. A model of the modulation 
of the Mo atoms at low temperature was given by Sato (1985). Recently, in an 
electron diffraction study (Colaitis, 1989), the satellite spots were interpreted, 
based on the concept of partial ordering from a non-stoichiometric phase. A 
model was proposed in which the ordering process is related to the occupation 
modulation of the alkali atoms. In our X-ray structure refinement we do not 
find any occupational modulation of the alkali atoms. All alkali sites are found 
to be fully occupied, both above and below Tc. The wrong interpretation of the 
modulation in the electron diffraction study can probably be ascribed to inaccurate 
diffraction intensities. By not having precise diffraction data it is very difficult to 
find the displacive modulation amplitudes, in particular those of the less heavy 
at oms. 
Chapter 6. The incommensurate structures of the blue bronzes 73 
In order to obtain a good insight in the structural modulations involved in the 
transition to the semiconducting state, we determined the complete modulated 
structure of the blue bronzes of K and Rb and analysed the structural distortions. 
We carried out a structure determination of the K blue bronze at 192K (just 
above Tc) and compared the crystal structures of the closely related blue and red 
bronzes. Because no accurate crystal structures of the red bronzes have been pub- 
lished, we re-calculated the structures of two red bronzes (Fig. 6.2), "K0.26M003)) 
(Stephenson & Wadsley, 1965) and "Cso.zsMoOs" (Mumme & Watts, 1970). 
6.2 Experimental 
All diffraction experiments were done with monochromatized Mo-Ka radiation on 
an Enraf-Nonius CAD4F difiactometer equiped with a modified CAD4 program 
(de Boer & Duisenberg, 1984). All observed reflections at lOOK could be indexed 
as (h, k, I, m) with (h, k, I )  the Miller indices corresponding to the monoclinic subcell 
and Iml the order of the satellite reflections of the modulation wave vector q. 
From a small single crystal Ko.3Mo03 (0.15 x 0.1 x 0.1 mm) we measured the main 
reflections at 192K and at 100K, and from a larger single crystal (0.1 x 0.3 x 
0.3 mm) the satellite reflections at lOOK were measured. We used two different 
crystals because of the weakness of the satellite reflections and to avoid secondary 
extinction effects. The extra scaling factor for the datasets from the two crystals, 
was derived by measuring for h, k, 1 with k = 3,4 not only the main reflections of 
the larger crystal but also some satellite reflections of the smalI crystal. A similiar 
dataset-collection was done for Rb0.30M003 (small crystal: 0.02 x 0.2 x 0.1 mm, 
large crystal: 0.1 x 0.3 x 0.2 mm) at 100K. 
Lattice parameters were obtained from the positions of 25 higher order main 
reflections and the wave vector q was determined from accurately determined po- 
sitions of first order satellites. Cell constants and modulation wavevector q for 
the blue bronzes are given in Table 6.1. For the I(h, k, 1,m) intensity measure- 
ments, the crystal was always placed in such a position as to minimize absorption 
effects. Intensity data were collected using the 8 - 28 scan. Only first order satel- 
lites could be measured, higher order satellites were not observed. In view of the 
low intensities, satellite reflections were measured with lower scan speeds, in ratio 
5:2:  1 for Iml = 0,l  (only even k), l(on1y odd k), respectively. Each data-collection 
was split into subsets of constant m and the measurement of each of these sub- 
sets, defined in a unique sector of reciprocal space, was followed (except odd k 
satellites for the K bronze) by measurement of the equivalent sector obtained by 
rotation around the two-fold axis. Throughout these subset measurements reg- 
ularly every 2 hours 3 intensity-control reflections were monitored and used for 
slight (within &1.5%) drift corrections. In this way we obtained a data-file for the 
K bronze at 192K of 13164 reflections (Om,, = 50"). For the K bronze at lOOK 
we obtained, omitting the scaling reflections, a dati~file of 13116 main reflections 
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Table 6.1: Lattice parameters (lengths in A, angles in degrees) of the average struc- 
ture and the components of the modulation wave vector q (Iql = 1/X) in fractions of 
a*, b*, c*(a.a* = b.b8 = c.c* = 1). (standard deviations in the last decimal place are 
given in parentheses) 
(Om,, = 50") and 6688 satellite reflections (em, = 34"). For the Rb bronze at lOOK 
we obtained a data-fiie of 7986 main reflections (Om, = 40") and 12677 satellite 
reflections (Om,, = 40"). Hereafter the data were corrected for Lorentz and po- 
larisation effects and for absorption (pK-"""' = 55.7 cm-l; transmission factors: 
0.29-0.68 for large crystal, 0.55-0.65 for small crystal and p"-"""" 110.0 cm-l; 
transmission factors: 0.17-0.47 for large crystal, 0.32-0.79 for small crystal), and 
unique data-sets were subsequentely obtained by averaging equivalent reflections; 
for details see Table 6.2. 
7 
6.3 Structure determination of the blue bronzes 
The modulated structure (with wave vector q of length X = l/lql) is described 
by specifying the structural parameters (positions x,,, occupation Po and temper- 
ature factors Pi j )  in the average unit cell, and by specifying for each atom p the 
modulation function up. The modulation is a periodic function of the coordinate 
in the fourth dimension Z4, with Z4 = q. ro, r0 = n +  xo being the average posi- 
tion in the n-th cell. The symmetry in this four-dimensional space is described 
by superspace groups (de Wolff, Janssen & Janner, 1981; Janner, Janssen & de 
Wolff, 1983). A Cdimensional superspace group is given by the group of oper- 
ators ( % , E ~ T )  where % represents a point group operation on the 3D-part and 
E transforms the 1D internal space, with r = (T=,T,,T,, 74 the four-dimensional 
translational part of the operator. We give the superspace symmetry and deter- 
mine, besides the usual structural parameters as atomic coordinates xo, yo, zo and 
temperature factors, also the displacive modulation amplitudes ur . 
The symmetry of the blue bronze is established as follows. Starting from 











































Chapte r  6. T h e  incommensurate  s t ructures  of t h e  blue bronzes 75 
Table 6.2: Total number of reflections, number of inequivalent reflections, number of inequiva- 
lent reflections without those with intensity I smaller than 2.5 times the standard deviation o, 
and the internal consistency (Rr). 
I measured I unique I with I > 2.50(1) 1 R, 
first order satellites 
even k 
even L 
odd k 5030 2514 
all reflections 20663 10372 
with C = summation over ail  independent reflections and C = summation over all ( N ~ )  sym- 
I , 
metrically equivalent reflections for unique reflection j. 
modulation wave vector leads to the 4 D  Bravais class c~:'?. In order to analyse 
the systematic extinctions, it is necessary to transform the subcell in such a way 
that only the irrational components of the modulation wave vector remain. The 
required transformation, from now on to be adapted, is: A = a, B = b,C = 2c 
giving q = 0.74813'. The indices of the reflections (h, k, I ,  rn) are then transformed 
Table 6.3: Symmetry restrictions on the components of the modulation function. It is indicated 













UZ, uy , u, 
even 
none 
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Figure 6.3: One supercell (with doubled c-axis) is drawn and positions of all 2 and 21 axes in 
superspace group cC;I? (0, P, $) are ,,en. The baaic unit cell is given by the broken line. 
Translations dong the fourth dimension are indicated by 1 (r4 = 0) or s (r4 = i). 
accordingly to: H = h, K = 1, L = 21 + m, M = m. The systematic extinctions 
are: H + K + M = odd for all reflections, which gives centrosymmetric superspace 
group cC;/?. We adopt the common choice in literature for q = 0.748be. However 
the description of the modulated structure with q'= (1 - q,,)bb = 0.252b' lying in 
the first Brillouin zone, is also possible (by transforming Ht = H, Kt = K + M, Lt = 
L, M' = -M and with extinctions Ht +K t = odd). 
In Fig. 6.3 we have drawn the symmetry operations in the unit cell. We see 
that two different types of two-fold axes (:) and ( q )  are present. The reason that 
we have put the two-fold rotation axis (: ) (this is a two-fold rotation in ordinary 
3-D space, accompanied by a translation of in the fourth dimension) at the 
origin, is that we want to describe the structire in the same setting as used by 
Graham & Wadsley (1966). This means that the Molo030-cluster is at the origin 
and thus the K(l) atom at Z = (formerly z = $). In the average structure these 
fragments lie both on two-fold axes, but as we see in Fig. 6.3 these axes become 
different in nature in the modulated structure. From the structure refinement it 
becomes clear that the Molo030-cluster lies on a (:)-axis and the K(l) atom on a 
(:)-axis and therefore we use the alternative setting of the superspace group with 
( f )  at the origin: cC;I1;. (When cC,2I? is preferred all coordinates must be trans- 
formed with Z' = Z - f and K(l) at the origin.) We give the symmetry operators 
and corresponding equivalent positions in the centrosymmetric superspace group 
c C2Im. 
s i '  
(E, lln,n,,n,n4), (E, 11$$0$)+, (E, 1100i$)+, (El lJ$fraO)+ 
(2,,, 11000;), (m,,, i10oo$), (i, 110000), (6.1) 
1 
(2, Y, 2, 24), (-2, ?/, -2, x4 + ?), (5, -y, 2, -24 + a), (-X, -y, -Z, -ZS) (6.2) 
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Table 6.4: The RF and RF-values of the refinement for the final results. Also given are the 
number of parameters (np) and the number of reflections (nr) used. 
11 K blue bronze lOOK 
m=O 
I I II 
K blue bronze 192K 
overall 
Rb blue bronze lOOK 
overall 
We consider one modulation type: a displacive one for all atoms. An occupa- 
tional modulation is excluded because the compound was found strictly stoichio- 
metric (refinements with an occupational modulation for the K atoms show that 
this is true). To analyse the modulated structure we use the following notation 
for the modulation wave for the y t h  atom: 
RF 
0.030 
with ur the first harmonic Fourier amplitude components of the displacive mod- 
ulation wave of atom p ,  as we have observed only first order satellite reflections. 
For a displacive modulation the positions of the atoms are given by: 
where n (n,, n,, n,) is a basic structure lattice translation, xg is the average position 
within the basic unit cell. 
In superspace symmetry not only the classical parameters are restricted (for 
example K( l )  on $,0, a) but modulation parameters are restricted as well. A list 
of the allowed modulation functions is given in Table 6.3. 
We did the refinement for the average structure and for the modulation with 
the least squares program REMOS85 (Yamamoto, 1985), which calculates the 
structure factors in the higher dimensional analysis, refining besides the 'classi- 
cal' parameters the modulation parameters as well. Refinement of the variables, 
with one extra parameter describing the secondary exinction, was performed by 
minimising RF.  The definition of the R-factors is 
RFa 
0.051 




CW(I Fobs I - I F-lc 
Cw I Fobs l2 
nr 
5702 
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The atomic scattering factors and the anomalous dispersion factors were taken 
from the " International Tables for X-ray Crystallography" (1974). 
The calculation was started with Graham & Wadsley's (1966) results for the 
average structure and with Sato's (1985) model for the Mo-displacements. For 
all reflections unit weights are taken. The final refinement results are listed in 
Table 6.4 (R-factors), Table 6.5 (positional and modulation parameters) and in 
Table 6.6 (temperature factors). 
6.4 Structure of the red bronzes 
To compare the blue and red bronzes we did a structure re-calculation of the red 
bronzes from the published observed structure factors (Stephenson & Wadsley, 
1965; Mumme & Watts, 1970) by a full matrix least square refinement with the 
XTAL system (Hall & Stuart, 1987), refining the population of the alkali atom as 
well. These calculations give final RF factors for " K0.26M009)) and " CS0.26M003)) of
0.11 and 0.11, respectively. The resulting atomic positions are listed in Table 6.7. 
The structures of the red bronzes are given in Fig. 6.2 and it shows the two 
different building blocks of M 0 6 0 ~ ~  clusters in the two red bronzes. The structure 
of " Ko.zsMoOS" is isotypic with Cs0.33M003 (Tsai, Potenza & Greenblatt, 1987). 
From the structure re-calculations of the red bronzes follows that, just as in the 
blue bronzes, the alkali sites in the red bronzes "Ko.asM00; and ) 'C~~ .~~Mo03 ' ) ,  
are fully occupied and therefore the correct formula for these compounds must be 
Ao.~M003. 
6.5 Discussion 
Throughout this discussion we refer for coordinates and directions to the Graham 
& Wadsley (1966) cell choice with doubled c-axis. 
A. Interatomic distances in the average structure 
When we compare the atomic positions in the average structure at lOOK and 
192K (see Table 6.5) with the room temperature structure (Ghedira, 1985), we can 
conclude that all values for the room temperature structure are only slightly dif- 
ferent at low temperature. Drastic changes in bond distances are not observed. At 
room temperature no strong metal-metal bonds are found and they do not occur 
either at low temperature (shortest Mo-Mo separation is 3.18A, dbond w 2.85ft). 
As was already observed by Ghedira et al. (1985) the thermal linear expansion 
along b is almost zero, it is intermediate along [lo11 (parallel to the slabs) and 
large along [lOl](perpendicular to the slabs). This contraction on cooling results 
in smaller distances between the slabs. 
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Table 6.5: Final values for the atomic positions of the average structure and for the amplitudes 
of the modulation functions. Upper line for K-bronze and lower for Rb-bronze 
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Table 6.6: Temperature factors in the blue bronzes. The form of the anisotropic thermal 
parameter is: exp[-(P11H2 + &2K2 + P33L2 + 2@23KL + 2&HL + 2&2HK)] 
0 
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Table 6.7: Fractional atomic coordinates of nKo.26M~03n with cell constants: 
a = 14.278, b = 7.723, c = 6.386A, P = 92.57', space group C2/m, and of nC~0.2S,Mo03n 
with cell constants: a = 6.425, b = 7.543,~ = 8.169A,P = 96.5', space group P21/m. 
Refinement of the alkali content confirmed the formula A0.33M~03 for both compounds. 
The distances between the Mo and K atoms and their nearest neighbour oxy- 
gens atoms, and the Mo-Mo distances are given in Table 6.8. It is seen that 
the Mo-0 distances vary over a wide range (1.687 - 2.34413.). While the Mo(1) 
octahedron resembles a (2+2+2) coordination (two short, two intermediate and 
two long), the Mo(2) and Mo(3) octahedra have a (1+4+1) coordination. The 
average Mo-0 distances for Mo(l),Mo(2),Mo(3) at  lOOK are 1.984,1.962(2~) and 
1.962(2x)A, respectively, which gives 1.966A as the overall average. At 192K these 
Ma-0 distances are 1.983, 1.963 and 1.963A, with 1.9671 as the overall average. 
All these distances are larger than at room temperature (d,,.a = 1.965A); be- 
tween 298K and Tc the average Mo-oxygen distances in the Mo(2) and Mo(3) 
octahedra lengthen, while they remain the same below Tc. Responsible for this 
expansion are the changes (A) in the distance between Mo and the nearest oxygen 
atoms: Mo(1)-O(2) with A = +o.o~A, Mo(2)-O(8) with A = +0.0lA, Mo(3)-O(10) 
with A = +o.olA, what is balanced in the Mo(1) octahedron only by Mo(1)-O(6) 
with A = -0.02A. 
All K-0 distances become significantly shorter on cooling, mainly between 
298K and Tc, because of a decrease of the distance between the slabs. The overall 
average K-0 distance in a ten-fold coordination decreases from 3.03013. at 298K to 
3.018A at 192K and 3.012A at 100K. All these distances refer to the K-compound. 
The same systematics, but all with longer interatomic distances, apply to the Rb 
blue bronze. 
The behaviour of a M01003~ cluster on cooling can best be studied by consid- 
ering the Mo-Mo distances. As can be seen from Table 6.8 the average Mo-Mo 
distance within a cluster shortens on cooling; this comes from the edge shared 
distances, while the corner shared distances remain constant. On the other hand 
the Mo-Mo distances between clusters lengthen on cooling. We remark that the 
corner shared distances inside a cluster are longer than between clusters. 
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Table 6.8: Interatomic distances and bond strengths s in the blue bronzes at different temper- 
atures (distances at 298K taken from Ghedira et al., 1985). First line for K-bronze and second 
line for Rb-bronze 
- 









































































































































































































































STRUCTURES OF MODULATED CRYSTALS 
So as the Mo-0 distances become modulated and their overall average distances 
become longer, the MoloOso cluster as a whole shrinks on cooling. 
The structural dimensionality of the blue bronze at lOOK and 192K is that of 
a 1-D K sublattice, 2-D Mo sublattice and a 3-D oxygen sublattice. An infinite 
number of chains of corner-sharing Moos octahedra runs along the b axis and 
along the [loll direction. The different number of chains of Moo6 octahedra per 
unit cell along b and [loll and the difference in overlap in the two directions, can 
explain qualitatively the anisotropy in the electrical conductivity. However the 
quasi one-dimensional metallic properties can not be understood from the average 
structure. 
The charge distribution (Mo5+/Mo6+) on the Mo sites is calculated by analysing 
the Mo-0 distances. The bond-strength of each individual Mo-0 bond has been 
calculated by the use of the Zachariasen (1978) formula: 
where Di is the interatomic distance, B = 0.166 is a constant, si is the individual 
' 






11 lWK I 192K I 298K 
Polyhedron K(1) 
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Table 6.9: D(1) values and charge (nd) distributions on the Mo sites at 100, 192 and 298K for 
the blue bronzes. Last column gives the corresponding values for red bronze. 
bond strength and D(1) is the atomic distance for unit strength. The sum of 
the bond strengths Cs; is equal to the valence (or charge) of the central cation. 
The structure refinement shows full occupancy of the alkali sites. Assuming bond 
numbers 2 for 0 and 1 for K this determines the average positive charge on 
Mo to be +5.700 (K$,MO+~.~O;-). Generally the interatomic distances change 
with temperature as a result of thermal expansion and distortions. Therefore the 
parameter D(1) will also depend on the temperature. We have chosen at each 
temperature a value of D ( l )  such that the average valence of Mo is +5.700. With 
these values of D(1) the valences (charges) of Mo(l), Mo(2) and Mo(3) can be 
calculated. We give the distribution of the Mo 5d electrons over the Mo sites at 
100, 192 and 298K in Table 6.9. The values deduced in this way for D(1) are 
reasonable. The value proposed by Zachariasen for Mo-0 bonds is 1.89A. At 
298K we calculate different values for the K, Rb and T1 blue bronze, while in 
the semiconducting state they become nearly equal. The differences at 298K are 
ascribed to polarisation effects. 
The calculated charge distributions show that most of the Mo 4d electrons are 
located on the Mo(2) and Mo(3) sites. Only a small portion of the 4d electrons is 
located at Mo(1) sites (in K0.3Mo03 10% at 298K); these sites are isolated and the 
4d electrons at  Mo(1) presumably do not contribute to the electrical conductivity. 
With the lowering of the temperature we observe in the average structure of the 
K-bronze a transfer of some 4d electrons from the Mo(2) and Mo(3) sites to the 
Mo(1) site (the distribution of Mo5+ in K0.3Mo03 at 192K and lOOK in the aver- 
age structure over the Mo(l),Mo(2) and Mo(3) sites is 12,45,43% and 13,44,43%, 
respectively). However this can not explain the metal to semiconductor transi- 
tion because in the Rb-blue bronze approximately the same charge distribution is 
calculated at room temperature (15,43,42%) and in T1-blue bronze even a higher 
charge distribution on the Mo(1) is found (17,40,43%) (Ganne et al., 1985) at room 
temperature, though both compounds have 1-D metallic properties. Moreover in 
the semiconducting state of the Rb-bronze just the opposite charge transfer (from 
Mo(1) to Mo(2) and Mo(3)) is observed. 


































STRUCTURES OF MODULATED CRYSTALS 
Figure 6.4: Amplitudes and directions of Mo modulations in K , J . ~ ~ M O O ~  at lOOK perpendicular 
to b. The atom labelling is indicated. The absolute length of the arrows is exaggerated 50 times. 
B. Structural distortions in the modulated structure 
Comparing the modulation amplitudes (see Table 6.5) of the K and Rb com- 
pound we see only minor differences. However, the standard deviations for the 
K compound are lower than for the Rb compound where the measurements were 
more affected by absorption. We will therefore discuss here primarily the K blue 
bronze and point out afterwards some differences with the Rb-bronze. 
The largest modulation amplitudes are on Mo(2) and Mo(3) forming the in- 
finite chain along b, and these are in phase with each other with amplitudes of 
about 0.03A and o . o ~ A ,  in directions approximately parallel to [221] and [201], 
respectively. The modulation amplitudes of these atoms along b are small. Modu- 
lation displacements of atoms in neighbouring layers are in antiphase. The Mo(1) 
displacement is along [I211 and its ac component is in phase with the Mo(2), 
Mo(3) distortion. The Mo(1) atom is located at the outside of the cluster and has 
a considerable component along b, with a phase difference of 90". Generating all 
symmetrically equivalent atoms in the unit cell shows that all Mo atoms in a slab 
at the same height in the chain, distort within in the ac plane in nearly the same 
direction; atoms in neigbouring slabs displace in the opposite direction (Fig. 6.4). 
The model for the Mo atom displacements proposed by Sato (1985) agrees with 
this overall picture. 
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Figure 6.5: Amplitudes and directions Figure 6.6: Schematic diagram (in a view 
of K- and closest coordinated oxygen along [10i]) of the d-electron distribution in 
atoms-modulations in a view along [loll .  the K blue bronze at 100K. 
The absolute length of the arrows is exag- 
gerated 50 times. 
The alkali atoms K(1) and K(2) displace along b only, with amplitude 0.03A and 
o . o ~ A ,  respectively. Together with these K modulations, the Mo(1) displacement 
and those of the neighbouring oxygen atoms at the outer side of a cluster, occur 
in phase, along b. This can conveniently be seen from Table 6.5 in which the 
coordinates of all independent atoms are taken at the same side of a cluster in the 
unit cell. When all atoms at the leftside of a cluster displace downwards, they 
move upwards at the other side. After about two clusters along b just the opposite 
occurs (Fig. 6.5). This correlation between the K,O and Mo(1) atoms results in a 
rotation of clusters along [loll, being a longitudinal (parallel b) distortion which is 
90" out of phase with the transversal displacements of the Mo atoms. Appreciable 
oxygen displacements are also present in the zz-plane (for example lu0(6)1 = 0.041 
along [loll), but this cannot simply be interpreted in terms of a translation or 
rotation of clusters. Pure translations and rotations of individual octahedra are 
not observed, probably because the octahedra share both corners and faces with 
each other. 
An overview of the modulation displacements is obtained by plotting the inter- 
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Figure 6.7: Shortest Mo-Mo distances as Figure 6.8: Coordination of the Mo(1) atom 
a function of the phase parameter (p of the by oxygen as  a function of the phase cp of the 
modulation in K0.30M003 at 100K. The num- modulation in Ko.mMo03. 
bers correspond with the sequence of the 
Mo-Mo distances in Table 6.8. 
atomic distances as a function of the modulation phase parameter cp = Z: - q .G 
(mod 1). Let us first consider the Mo-Mo distances (Fig. 6.7). Hardly any varia- 
tion is found between the nearest neighbouring Mo atoms. The Mo-Mo distances 
along the chain direction (= 3.80A) are too long to form metal-metal bonds as in 
for example the compound Mo2S3 (see Chapter 7). However in Moss3 there are 
three 4d-electrons present on each Mo in the chain, versus only 0.3 4d electrons in 
the blue bronzes. Inside M o ~ ~ ~ ~ ~  clusters there may be some small metal bonding 
present via the edge shared coordinations (m 3.2 - 3.5A), but this bonding is just 
as the other distances hardly effected by the modulation. 
Larger variations (max. 0.05A) are found in the Mo-0 distances for the three 
independent Mo sites (Fig. 6.8, 6.9 and 6.10). For the Mo(2), Mo(3) octahedra 
the strongest modulation is on the four oxygens at intermediate distance, while 
for the Mo(1) octahedron the strongest modulation is on the two oxygens with the 
largest distance. These displacements are not very large, certainly not as large 
as in the modulated structure of the compound calaverite AuTez (Schutte & de 
Boer, 1988). However, in AuTe2 we proposed a valence fluctuation on the metal 
between +1 and +3, here the fluctuation will be limited between +5.6 and +5.8. 
In Fig. 6.11 and 6.12 we give the K-0 distances as a function of cp, where the 
largest distortion is found for the K(1)-O(3) distance varying between 2.88A to 
2.95A. 
We can calculate the charge distributions on the Mo sites, as a function of 
the phase of the modulation wave along b from the calculated Mo-0 interatomic 
distances in the modulated phase. This charge ordering is given in Fig. 6.6 for 
the K-bronze and corresponds to the lock-in situation with q, = 0.75. In fact the 
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Figure 6.9: Coordination of the Mo(2) atom Figure 6.10: Coordination of the Mo(3) 
by oxygen. atom by oxygen. 
modulation wave vector is incommensurable and therefore all intermediate charge 
distributions on the Mo sites along the chain are present. Whereas at room 
temperature the Mo atoms have constant valencies along the chain (Mo(1) 5.85, 
Mo(2) 5.66, Mo(3) 5.66)) at  lOOK the charge distribution on the Mo(2),Mo(3) 
atoms within a cluster orders, and especially around cp = 0, $ a clear charge sep- 
aration occurs (5.60-5.74). Also at about cp = +, a charge transfer is observed; 
electrons from the Mo(2) and Mo(3) atoms move from one side to the other side 
of the cluster, resulting in Mo valencies ranging from 5.68-5.71 at one side to 
5.65-5.66 at the other side of the cluster. No appreciable charge transfer between 
neighbouring clusters is found. 
Apart from the ordering of Mo5+, we calculated a possible charge fluctuation 
on the potassium atoms by sirniliar charge calculations for the K-polyhedra as 
carried out for the Mo-octahedra. Using the values D(1) = 1.84A, B = 0.261 (from 
"Structure and Bonding in Crystals 11", 1981) this gives valencies of 0.93 and 1.00 
on the K( l )  and K(2) atoms, respectively and is nearly independent of the phase 
of the modulation wave (ranging for K(l) between 0.92-0.93, for K(2): 1.00-1.01). 
So there seems to be no valence fluctuation on the alkali atoms, in agreement with 
the observed Knight shift (Segransan, 1986). 
C. Comparison between the blue and red bronzes 
The interatomic distances in the re-calculated structure of the red bronzes 
(Table 6.10) differ significantly from those given by Stephenson & Wadsley (1965) 
and Mumme & Watts (1970) who assumed the alkali site to be only partly filled. 
We find that in both red bronzes the alkali sites are fully occupied. The interatomic 
distances are now very close to those in Cso.33Mo03, as determined recently by 
Tsai, Potenza & Greenblatt, (1987) (Table 6.10). One could do the same bond 
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Figure 6.11: Coordination of the K( l )  atom Figure 6.12: Coordination of K(2) by oxy- 
by oxygen as a function of the phase cp of the gen. 
modulation in K0.30M003. 
strength calculation as was done for the blue bronzes but the structural parameters 
are still not precise enough to obtain reliable bond strengths (standard deviations 
in the interatomic distances are larger than 0.01A). Therefore we use the values 
of the recently determined C S ~ . ~ ~ M O O ~  red bronze. 
The semiconducting behaviour of the red bronzes has been interpreted in terms 
of thermally activated electron hopping from cluster to cluster. The change from 
the metallic conductivity in the blue bronzes to the semiconducting behaviour in 
the red bronzes was explained with a formal Mott transition of delocalized into lo- 
calized states due to a critical overlap between cation-anion-cation orbitals along 
the Mo-O-Mo chain parallel to b (Travaglini & Wachter, 1983). For appropi- 
ately short Mo-0 distances (d < 2A) large overlap leads to bands and metallic 
conductivity, while longer Mo-0 distances mean more localized orbitals and semi- 
conductor behavior. In the same way the semiconducting properties in the blue 
bronzes along [loll were understood. An electron has to hop from one cluster to 
the next, because the Mo-0 separation amounts to about 2 . 3 k  
The conductivity in the blue bronzes along the chain direction can be explained 
by a band picture with hybridized Mo and 0 orbitals (overlap of Modt,,-Op,) based 
on the Re03 model (Goodenough, 1965). The a and a bonding bands are filled, 
while the u* and a* anti-bonding bands are empty. By charge transfer from the 
alkali metal the T* band becomes partly filled. The value of the Fermi wave vector 
2kF = QP corresponds with a distortion in which a three-quarter filled a* band 
splits in a full and an empty band. The three-quarter filling is obtained by a 
complete charge transfer of electrons from the three alkali metals to the doubly 
degenerate a* bands of the MoloOm cluster in K3Mo10030. 
The metal to semiconductor transition with its associated non-linear conduc- 
tivity properties in the blue bronzes has not been directly explained in terms of 
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Table 6.10: Interatomic distances and bond strengths in the red bronzes (distances for 
taken from Tsai et al., 1987) 
critical overlap between orbitals. Suggested models for the transition were Mo-Mo 
pair formation or d-electron transfer to Mo(1) sites (Ghedira et al, 1985). From 
the present determination of the modulated structure it becomes clear that Mo- 
Mo pair formation does not occur. Also the small d-electron transfer to  Mo(l), 
which we deduced for the K-blue bronze, cannot explain the transition. 
We will in the following point out how small distortions in the modulated 
structure can affect the critical overlap between cation-anion-cation orbitals and 
together with the charge ordering give rise t o  the localisation of conduction elec- 
trons along the chain direction and lead to semiconducting properties. The small- 
est Mo-0 separation along a chain which gives rise to localized orbitals is called 
the critical overlap distance. For larger distances a localized electron theory ap- 
plies. We first analyse the Mo-0 distances (in A) for Mo-octahedra along the 
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92 STRUCTURES OF MODULATED CRYSTALS 
Blue K bronze: 
-0(4)-Mo(2)-O(5)-Mo(2)-O(4)-; -0(7)-Mo(3)-O(6)-Mo(3)-O(7)- 
- at 100K: (each second line is for the chain in the same cluster, related 
by the 2-fold axis) 
For semiconducting behaviour at least one of the distances along the chain should 
be larger than the critical overlap distance. By comparing the blue and red bronzes 
at room temperature, the critical overlap distance must be between 1.95 and 2.05A 
(determined by the Mo(2)-O(5) distance). Now comparing the Mo-0 distances 
for the K blue bronze between the metallic room temperature structure and the 
semiconducting modulated structure we find that the critical overlap distance 
must be between 1.952 and 1.966i. The variation of Mo(2)-O(5) distance by the 
modulation along the chain then leads to a very critical change of Mo-0 overlap 
distances. At some phases of the modulation wave good overlap is present (d = 
1.9372)) but at other phases the overlap is not so good (d = 1.966i). By variation 
of the modulation-phase, the CDW can slide along the chain. Charge transport 
via the Mo(3) chain is less probable because of larger interatomic distances. 
The same considerations can be applied to the Rb- (and T1-) blue bronze, 
where we observe nearly the same Mo-0 distances along the chain: 
Blue Rb bronze: 
-O(4)-Mo(2)-O(5)-Mo(2)-O(4)-; -0(7)-Mo(3)-O(6)-Mo(3)-O(7)- 
at 298K: -1.8741.954-1.954-1.874; -1.898-1.989-1.989-1.899- 
(compare T1-bronze 
at 298K: -1.878-1.960-1.960-1.878-; 1.904-1.973-1.973-1.904) 
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The values for the Rb bronze are less accurate because of larger standard devi- 
ations of the modulation amplitudes. We see that the Rb-bronze has the same 
critical Mo-0 overlap range (1.95 - 1.97a) as the K-bronze. Together with the 
modulated charge distribution this probably explains the similiar electrical trans- 
port properties in both compounds. 
The question remains why the blue bronzes have this incommensurately mod- 
ulated structure. In other CDW compounds often modulated structures are ob- 
served in which short metal-metal chains (< 3.5.l) are distorted towards the for- 
mation of metal-pairs or four-metal atom clusters, as in the compounds NbTe4 
(van Smaalen et al., 1986) and M02S3 (see Chapter 7). In these compounds the 
modulation wave vector q is incommensurate along the chain; there are atomic 
displacements along the chain direction and the displacements in neighbouring 
chains are in antiphase. In the blue bronzes also incommensurability along the 
chain and antiphase ordering between the slabs are present, but no metal-metal 
bonding is observed. 
A difference of the blue bronzes with the other CDW compounds is the smaller 
number of excess d electrons on the metal atom. However we do not think that 
this is essential. More important is the absence of short metal-metal distances. 
The Mo-Mo distance between cluster units (w 3.7a) is too large for direct overlap. 
In the other CDW compounds valence fluctuations along the chain are induced 
by variations in metal-metal bonding. In the blue bronzes this is not possible 
because of the absence of metal-metal bonding. However, in the blue bronzes va- 
lence fluctuations on the Mo atoms are the result of variations of Mo-0 distances. 
This is what we observe in the modulated structure of the blue bronze: a variation 
of Mo-0 distances along the chain between 1.941.97P1, associated with valence 
fluctations of the Mo atoms. This different origin of the Mo valence fluctuations in 
the blue bronze (by Mo-0 bonding) compared with in the other CDW compounds 
(by Mo-Mo bonding), together with the changing Mo-0 orbital overlap along the 
chain may be related with the non-linear transport properties in these compounds. 
Therefore we suggest that also in other compounds which show non-linear con- 
ductivity (as NbSe3) the presence of charge fluctuations on the metal atom along 
the chain direction is the result of variations of metal-nonmetal (Nb-Se) bonding 
(and not by variations of metal-metal (Nb-Nb) bonding). In the red bronzes both 
the Mo-Mo distances (B 3.7A) and the Mo-0 distances (w 2.0a) along the chain 
direction are too long to give effective overlap and therefore the red bronzes always 
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show semiconducting behaviour. 
6.6 Conclusion 
We have determined the modulated structure of the semiconducting phase of the 
blue K- and Rb-bronzes at 100K. The largest modulation amplitudes (w 0.04A) are 
on Mo(2) and Mo(3) atoms forming the infinite chain along b. Their displacement 
are in the slabs and perpendicular to b. Within one slab all Mo atoms, which are 
on the same height in the chain, displace in phase. With a phase shift of 90°, the 
alkali atoms together with their surrounding oxygen5 displace (B 0.02A) in the 
chain direction. Displacements in neighbouring layers are in antiphase. The same 
structural features are observed for both the K and Rb bronze. 
Charge distribution calculations in the modulated structure reveal valence fluc- 
tuations on the Mo atoms along the chain direction by varying Mo-0 bonding. 
The Mo6+ ordering below Tc on the Mo(2),Mo(3) atoms, the charge transfer within 
the M01003D cluster, together with a varying orbital overlap along the chain di- 
rection point to localisation of conduction electrons and is probably the origin of 
the non-linear transport properties. 
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